Background The association between resting heart rate and ischemic stroke remains unclear. Aim To examine the association between resting heart rate and ischemic stroke. Methods A total of 24 730 participants (mean age: 64 ± 9·3 years; 59% women; 41% blacks) from the REasons for Geographic And Racial Differences in Stroke (REGARDS) study who were free of stroke at the time of enrollment (2003-2007) were included in this analysis. Resting heart rate was determined from baseline electrocardiogram data. Heart rate was examined as a continuous variable per 10 bpm increase and also as a categorical variable using tertiles ( <61 bpm, 61 to 70 bpm, and >70 bpm). First-time ischemic stroke events were identified during follow-up and adjudicated by physician review. Results Over a median follow-up of 7·6 years, a total of 646 ischemic strokes occurred. In a Cox regression model adjusted for socio-demographics, cardiovascular risk factors, and potential confounders, each 10 bpm increase in heart rate was associated with a 10% increase in the risk of ischemic stroke (hazard ratio = 1·10, 95% confidence interval = 1·02, 1·18). In the categorical model, an increased risk of ischemic stroke was observed for heart rates in the middle (hazard ratio = 1·29, 95% confidence interval = 1·06, 1·57) and upper (hazard ratio = 1·37, 95% confidence interval = 1·12, 1·67) tertiles compared with the lower tertile. The results were consistent when the analysis was stratified by age, gender, race, exercise habits, hypertension, and coronary heart disease. Conclusion In REGARDS, high resting heart rates were associated with an increased risk of ischemic stroke compared with low heart rates. Further research is needed to examine whether interventions aimed to reduce heart rate decrease stroke risk.
Introduction
High resting heart rates are associated with an increased risk for coronary heart disease and cardiovascular-related mortality (1) (2) (3) (4) (5) (6) . High resting heart rates possibly are a manifestation of altered autonomic nervous tone associated with increased vascular resistance and high blood pressure that predisposes to the development of coronary heart disease and adverse cardiovascular outcomes.
The association between resting heart rate and stroke remains unclear as the reports that have examined this relationship are conflicting. Data from patients with stable coronary artery disease and hypertension have shown that high resting heart rates are associated with an increased risk of stroke (7, 8) . Similarly, a study from the general Chinese population has suggested that high resting heart rates are associated with an increased stroke risk (9) . In contrast, reports from the general French population and the Women's Health Initiative Study have shown that resting heart rate is not associated with stroke (10, 11) . Therefore, the purpose of this study was to examine the association between resting heart rate and first-time ischemic stroke events in the REasons for Geographic And Racial Differences in Stroke (REGARDS) study.
Methods

Study population and design
Details of REGARDS have been published previously (12) . Briefly, REGARDS was designed to identify causes of regional and racial disparities in stroke mortality. Between January 2003 and October 2007, the study oversampled blacks and residents of the stroke belt (North Carolina, South Carolina, Georgia, Alabama, Mississippi, Tennessee, Arkansas, and Louisiana). This included participants from the stroke buckle (coastal plains of North Carolina, South Carolina, and Georgia) as this region experiences a stroke mortality rate considerably higher than the rest of the United States (13) . A total of 30 239 participants were recruited from a commercially available list of residents using postal mailings and telephone data. Demographic information and medical histories were obtained using a computer-assisted telephone interview (CATI) system that was conducted by trained interviewers. Additionally, a brief in-home physical examination was performed approximately three to four-weeks after the telephone interview. During the in-home visit, trained staff collected information regarding medications, blood and urine samples, and a resting electrocardiogram. Participants provided verbal consent by telephone interview followed by written consent during the in-home visit. The institutional review boards of participating institutions approved the study protocol.
For the purpose of this analysis, participants were excluded with data anomalies (n = 56), baseline stroke (n = 1930), baseline atrial fibrillation (n = 2156), missing baseline characteristics (n = 945), and missing follow-up data (n = 422).
Heart rate
Resting heart rate was determined from baseline electrocardiogram data that were obtained during the in-home examination. Heart rate was determined from the R to R interval. The electrocardiograms were read and coded at a central reading center (Epidemiological Cardiology Research Center, Wake Forest School of Medicine, Winston-Salem, NC, USA) by analysts who were blind to other REGARDS data.
Ischemic stroke
The adjudication process for stroke events in REGARDS has been previously reported (14) . Briefly, during follow-up, reports of possible strokes, transient ischemic attacks, deaths, hospitalizations or emergency department visits for stroke symptoms, or unknown reasons generated a request for medical record review. For possible stroke events, records were centrally adjudicated by physicians. Strokes were defined using the World Health Organization (WHO) definition (15) . Events that did not meet the WHO definition but with symptoms lasting more than 24 h and with imaging consistent with acute ischemia or hemorrhage were classified as 'clinical strokes' . Strokes subsequently were classified as ischemic or hemorrhagic. This analysis included both WHO and clinical ischemic stroke events. Hemorrhagic strokes were excluded.
Covariates
Age, gender, race, income, education, exercise habits, and smoking were self-reported. Annual household income was dichotomized at $20 000. Education was categorized into 'high school or less' or 'some college or more' . Exercise was dichotomized at ≥4 times per week. Smoking was defined as active (e.g., current), past, or never smoker. Fasting blood samples were obtained and assayed for serum glucose. Diabetes was defined as a fasting glucose level ≥126 mg/dl (or a nonfasting glucose ≥200 mg/dl among those failing to fast) or self-reported diabetes medication use. The current use of aspirin and antihypertensive medications was selfreported. The use of beta blockers, nondihydropyridine calcium channel blockers, digoxin, statins, warfarin, and other antiarrhythmic agents were ascertained during the in-home visit by pill bottle review. After the participant rested for five-minutes in a seated position, blood pressure was measured using a sphygmomanometer. Two values were obtained following a standardized protocol and averaged. Hypertension was defined as blood pressure ≥140/90 or by the self-reported use of antihypertensive medications. Using baseline electrocardiogram data, left ventricular hypertrophy was defined by the Sokolow-Lyon criteria (16) . Atrial fibrillation was identified at baseline by the studyscheduled electrocardiogram and also from self-reported history of a physician diagnosis during the CATI survey. Coronary heart disease was ascertained by self-reported history of myocardial infarction, coronary artery bypass grafting, coronary angioplasty or stenting, or if evidence of prior myocardial infarction was present on the baseline electrocardiogram. Prior stroke also was ascertained by participant self-reported history.
Statistics
The association between heart rate and ischemic stroke was examined as a continuous variable per 10 bpm increase and also as a categorical variable using tertiles, with the lower tertile as the reference group. Categorical variables were reported as frequency and percentage while continuous variables were reported as mean ± standard deviation. Statistical significance for categorical variables was tested using the chi-square method and the Kruskal-Wallis procedure for continuous variables. Incidence rates per 1000 person-years were calculated for ischemic stroke by heart rate tertiles. Kaplan-Meier estimates were used to compute the cumulative incidence of ischemic stroke events by heart rate and the differences in estimates were compared using the log-rank procedure (17) . Cox regression was used to compute hazard ratios (HRs) and 95% confidence intervals (CIs) for the association between heart rate and ischemic stroke. Multivariate models were constructed as follows: Model 1 adjusted for age, sex, race, education, income, and region of residence; Model 2 adjusted for Model 1 covariates plus systolic blood pressure, smoking, diabetes, left ventricular hypertrophy, antihypertensive medications, antiarrhythmic agents (class I-IV), statins, aspirin, warfarin, and coronary heart disease. A sensitivity analysis was performed with the exclusion of participants taking heart rate-modifying drugs (digoxin and class I-IV antiarrhythmic agents). An additional analysis was performed excluding participants who were taking β-blockers. We also examined if the association between heart rate and ischemic stroke varied by age ( <65 years vs. ≥65 years), sex, race (black vs. white), exercise habits (≥4 times vs. <4 times), hypertension, and coronary heart disease using a stratification technique and comparing models with and without interaction terms. Statistical significance for all comparisons including interactions was defined as P < 0·05. SAS ® Version 9.3 (Cary, NC, USA) was used for all analyses.
Results
A total of 24 730 study participants (mean age: 64 ± 9·3 years; 59% women; 41% blacks) were included in this analysis. Table 1 shows the baseline characteristics across heart rate tertiles. Differences were observed for all characteristics except for calcium channel blockers, antiarrhythmic agents, and warfarin. A larger percentage of participants who were taking beta blockers were in the lower heart rate tertile.
Over a median follow-up of 7·6 years, a total of 646 ischemic strokes occurred. Higher heart rates were associated with an increased incidence of ischemic stroke (incidence rates for lower, middle, and upper tertiles were 3·3, 3·7, and 4·1 per 1000 personyears, respectively) ( Table 2 ). Figure 1 shows the unadjusted cumulative incidence curves of ischemic stroke across heart rate tertiles.
In a model adjusted for socio-demographics, cardiovascular risk factors, and potential confounders, each 10 bpm increase in heart rate was associated with a 10% increase in the risk of ischemic stroke (P = 0·0086) ( Table 2 ). In a similar model, a 29% (P = 0·011) and 37% (P = 0·0026) increased risk of ischemic stroke was observed for heart rates in the middle and upper tertiles compared with the lower tertile, respectively ( Table 2) . The association between resting heart rate and ischemic stroke did not vary by age, sex, race, exercise habits, hypertension, or coronary heart disease (Table 3) .
In a sensitivity analysis in which participants who reported taking heart rate-modifying drugs (digoxin and antiarrhythmic agents) were excluded, a similar increased risk for ischemic stroke was observed for high compared with low resting heart rates (n = 18 549; <62 bpm: HR = 1·0, referent; 62 to 70 bpm: HR = 1·32, 95% CI = 1·02, 1·72; >70 bpm: HR = 1·38, 95% CI = 1·06, 1·78). Similar results were observed when the analysis excluded participants who reported using β-blockers (n = 19 827; <62 bpm: HR = 1·0, referent; 62 to 70 bpm: HR = 1·44, 95% CI = 1·12, 1·85; >70 bpm: HR = 1·44, 95% CI = 1·13, 1·84). A similar trend was observed when heart rate was examined as a continuous variable per 10 bpm increase (HR = 1·08, 95% CI = 0·99, 1·18). Figure 2 shows the unadjusted cumulative incidence curves of ischemic stroke across heart rate categories in study participants who were not receiving heart rate-modifying drugs.
Discussion
In this analysis from REGARDS, high resting heart rates were associated with an increased risk of ischemic stroke compared with low resting heart rates. These results were consistent when the analysis was stratified by age, sex, race, exercise habits, hypertension, and coronary heart disease. Several reports have examined the relationship between resting heart rate and future stroke events. A secondary analysis using data from the from the Ongoing Telmisartan Alone and in Combination with Ramipril Global Endpoint Trial (ONTARGET) and
Telmisartan Randomized Assessment Study in ACE Intolerant Subjects with Cardiovascular Disease (TRANSCEND) trial among participants with stable cardiovascular disease (e.g., coronary, peripheral, or cerebrovascular disease, or diabetes with end-organ damage) showed that high resting heart rates were associated with stroke (8) . Data from the Valsartan Antihypertensive Long-term Fig. 1 Cumulative incidence of ischemic stroke by heart rate (n = 24 730).* *Cumulative incidence curves are not statistically different (log-rank P = 0·13). bpm, beats per minute. Use Evaluation (VALUE) trial also have shown that among patients with hypertension, high resting heart rates are associated with an increased stroke risk (7) . However, both studies failed to report stroke subtype in their analyses (e.g., ischemic vs. hemorrhagic). In contrast, a study of 169 871 Chinese adults ≥40 years of age showed that high heart rates were associated with an increased risk of stroke in men but not women, and this association was limited to hemorrhagic events (9) . A serious limitation of this analysis was that medications that influence heart rate were not included in the multivariate models (e.g., digoxin and antiarrhythmic agents). Similar null findings between resting heart rate and stroke have been reported form the general French population and the Women's Health Initiative Study (10, 11) . Both of the aforementioned studies did not account for medications that influence heart rate and the Women's Health Initiative Study only included women.
The results of the current study provide evidence that high resting heart rates are associated with an increased risk of stroke and specifically identify ischemic stroke as the outcome of interest regarding the association between heart rate and cerebrovascular disease. Our results support the positive association between heart rate and stroke similar to that reported from specific subpopulations of patients with hypertension and cardiovascular disease (7, 8) . Our findings also suggest that the association between heart rate and stroke possibly depends on medications that influence heart rate. Data from ONTARGET and TRAN-SCEND showed that the association between heart rate and stroke strengthens with adjustment for medications likely to influence heart rate (e.g., beta blockers and nondihydropyridine calcium channel blockers) and a similar phenomenon was observed in our analysis.
Several mechanisms possibly explain the association between high heart rate and ischemic stroke. Animal models have shown that high heart rates are associated with higher levels of oxidative stress and endothelial dysfunction that lead to a higher rate of atherosclerosis compared with mice treated with ivabradine for selective heart rate reduction (18, 19) . Additionally, lower heart rates improve vascular compliance, an important determinant of blood pressure and cardiac autonomic tone (20) . In aggregate, these data provide evidence that high heart rates predispose to several markers that are associated with the development of atherosclerotic disease and also link high heart rates with ischemic stroke through shared risk factors (e.g., atherosclerosis, hypertension).
Due to the known risk of ischemic stroke with atrial fibrillation, it is possible that atrial fibrillation mediates the association between resting heart rate and ischemic stroke. Recent reports have implicated low resting heart rate with the development of atrial fibrillation. This has been shown in older persons (≥65 years), among persons with atherosclerotic disease or diabetes with evidence of end-organ damage, and among healthy middleaged men (21) (22) (23) . Possibly, individuals who develop atrial fibrillation and subsequent ischemic stroke have a stronger association between low resting heart rate and stroke. However, cardioembolism accounts for nearly 25% of acute ischemic strokes and over 40% of these events are due to large vessel atherosclerosis and microvascular disease (e.g., lacunar stroke) (24) . Therefore, the association between resting heart rate and ischemic stroke would be expected to show a positive association with high resting heart rates as the majority of known causes of ischemic stroke are related to poor cardiovascular disease risk factor profiles (e.g., hypertension, diabetes, smoking) (1-6). Potentially, low resting heart rates are associated with ischemic stroke subtypes more commonly found with cardioembolism (e.g., non-lacunar stroke) but the differentiation of ischemic stroke subtype was not available in this study. Additionally, incident atrial fibrillation cases were not recorded in REGARDS. Nonetheless, our findings suggest that the relationship between resting heart rate and ischemic stroke favors high heart rates. Further research is needed to determine if atrial fibrillation mediates the relationship between resting heart rate and ischemic stroke, with an emphasis on stroke subtypes commonly associated with this arrhythmia.
The prognostic implications of heart rate have been studied in several cardiovascular diseases. Improvements in outcomes of patients who have coronary heart disease and heart failure have been observed with pharmacological reductions in heart rate (25) (26) (27) . Low heart rate also is associated with a lower risk of mortality, better functional outcomes, and less cognitive decline after ischemic stroke (28) . Possibly, those who have high heart rates are high risk for future cerebrovascular events and will benefit from pharmacologic interventions to decrease heart rate. However, further research is needed to determine which groups will benefit before changes in clinical practice are recommended. Additionally, although our data provide further evidence that the risk of ischemic stroke increases with higher heart rates, we were unable to determine if a target heart rate exists in which the stroke risk is lowest, and further research is needed to determine if such a value exists.
Our results should be interpreted in the context of several limitations. Several baseline characteristics (e.g., smoking, exercise) that likely influenced heart rate were self-reported and subjected our analysis to recall and misclassification biases. Beta blockers, nondihydropyridine calcium channel blockers, digoxin, and other antiarrhythmic agents were ascertained at baseline and it is possible that participants were prescribed these medications at later time-points which would weaken the observed association between heart rate and stroke. Heart rate was measured during the baseline in-home examination and the results possibly vary with repeat measurements. We explored the association between heart rate and ischemic stroke due to the small number of hemorrhagic strokes in REGARDS. Additionally, we examined the association between heart rate and ischemic stroke after excluding participants who reported the use of medications that influenced heart rate. Although a nonsignificant result was observed in the continuous model, this likely is due to the reduced number of ischemic stroke cases (n = 393) after excluding those taking heart rate-modifying therapies. Several subgroup analyses were performed and possibly were underpowered to detect differences. Furthermore, residual confounding remains a possibility similar to other epidemiological studies.
In this analysis from REGARDS, high resting heart rates were associated with an increased risk of ischemic stroke. Further studies are needed to confirm our findings and to examine whether heart rate-modifying therapies are able to prevent future cerebrovascular events.
